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Abstract
A product-scalable, catalytically mediated flow system has been developed to perform Suzuki–Miyaura reactions under a
microwave heating regime, in which the volumetric throughput of a Pd-supported silica monolith can be used to increase the quan-
tity of the product without changing the optimal operating conditions. Two silica monoliths (both 3 cm long), with comparable pore
diameters and surface areas, were fabricated with diameters of 3.2 and 6.4 mm to give volumetric capacities of 0.205 and 0.790 mL,
respectively. The two monoliths were functionalized with a loading of 4.5 wt % Pd and then sealed in heat-shrinkable Teflon®
tubing to form a monolithic flow reactor. The Pd-supported silica monolith flow reactor was then placed into the microwave cavity
and connected to an HPLC pump and a backpressure regulator to minimize the formation of gas bubbles. The flow rate and
microwave power were varied to optimize the reactant contact time and temperature, respectively. Under optimal reaction condi-
tions the quantity of product could be increased from 31 mg per hour to 340 mg per hour simply by changing the volumetric
capacity of the monolith.
Introduction
Interest in flow based reaction chemistry has grown over recent
years with the realization that such systems can offer greater
control over reaction conditions, such as catalyst and heating
contact time, which in turn lead to improved product selectivity
and yield when compared to batch based methods [1-7]. Much
of this work has focused on continuous-flow microreactor
methodology for laboratory based organic synthesis, and has
featured the development of inorganic and organic polymer
based functionalized monolithic reactors that can operate at
elevated temperatures and under high pressure [8,9]. Recently,
application of magnetic nanoparticles as media that can be
heated in an electromagnetic field, was reported to be ideal for
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Table 1: The main characteristics of monoliths characterized by N2 adsorption at 77 K.a
Entry Monolith DN2 SBET VN2 Vwater φt
(nm) (m2 g−1) (cm3 g−1) (mL)
1 monolith-3.2 16.0 164 0.70 0.205 0.85
2 Pd-monolith-3.2 15.9 169 0.67 0.202 0.84
3 monolith-6.4 16.1 161 0.73 0.791 0.82
4 Pd-monolith-6.4 16.0 166 0.67 0.790 0.82
aDN2, SBET and VN2 are the pore diameter, specific surface area and pore volume, respectively, as determined by N2 adsorption at 77 K. Vwater is the
total volume of the monoliths as measured by the adsorption of water at room temperature. φt is the total porosity as determined by equation (WM −
WT)/dlr2π, here WT and WM are the weights of the dry and water filled monolith respectively, d is the density of water and l and r are the overall length
and radius of the cylindrical monoliths. The palladium loading for entries 2 and 4 was ca. 4.5 wt %.
use inside microfluidic fixed-bed reactors for chemical syn-
thesis [10]. A new concept to build the catalytic membrane
inside a microchannel reactor was demonstrated by Uozumi et
al. [11], where carbon–carbon bond forming reactions of aryl
halides and arylboronic acids under microflow conditions can
be achieved quantitatively within 4 s residence time. However,
the stability of the catalytic membrane was not discussed.
Monolith based devices have shown good flow characteristics
when coupled with the highly controlled surface properties
associated with the formation of nano-, micro- and mesoporous
structures, and they therefore represent ideal supports for
reagents and catalysts where contact time and temperature can
be spatially and temporally mediated [12,13]. To this end, the
use of microwave heating in conjunction with microporous
monolithic reactors has attracted some interest for small-scale
synthesis under continuous-flow conditions [14-16]. One
obvious problem, however, when using microwaves to heat
solvents/reagents and surface-functionalized monoliths in a
flow microreactor, is the achievement of an efficient coupling
of the microwave energy, which will be a function of both the
absorbing species present and of the penetration depth of
microwave irradiation into the reaction zone [17]. This is espe-
cially important in flow systems where the reactants are present
in the irradiation chamber for a short period of time [18,19].
Therefore, the application of microwave chemistry to scalable,
continuous-flow processes, with commercially available
microwave equipment and suitable flow instrumentation, is
becoming increasingly important [7,20]. Finally, the high
surface-to-volume ratio and spatial and temporal control over
the reactants and products, without the need for additional opti-
mization, is of considerable interest [7,21-23] as these factors
promise to increase the quantity of product to desirable levels
whilst maintaining the intrinsic benefits of the reaction geom-
etry offered when using microreactor methodology.
In this work we report a simple and effective approach for
achieving volumetric scalability in a flow reaction system
through the use of Pd-supported silica-based monolithic reac-
tors coupled with microwave heating. The practicality of this
approach will be demonstrated using Suzuki–Miyaura reactions
in which the Pd-supported silica-monolith catalysts exhibit
excellent activities and the doubling of the monolith diameter,
thus operating at four times the volumetric flow rate, increases
product output without any observable change in the reaction
conversion.
Results and Discussion
Synthesis of silica monolith and
Pd-supported silica monolith catalyst
The reaction parameters, such as polymer concentration, acid
strength, water content, amount of silicon alkoxide, reaction
temperature and reaction time, all have an important impact on
the physical properties of the silica monoliths prepared. Silica
monoliths used as catalyst supports require not only a high
surface area to maximize their catalytic activity, but also a high
permeability to achieve good flow characteristics and enable
fast mass transfer from the flowing reaction solutions to the
catalytic surface. In addition, they must be mechanically strong
enough to withstand the pressures required to drive fluid
through the monolithic structure at the required flow rate. Silica
monoliths were synthesized from PEO, tetraethoxysilane and
nitric acid as supports for the Pd catalyst, as based on the results
of previous studies [24]. Silica monoliths, i.e., monolith-3.2 and
monolith-6.4 (diameters of 3.2 mm and 6.4 mm respectively),
with two different diameters were synthesized using the same
procedure, leading to structures with comparable surface char-
acteristics but with different volumes for the solution-acces-
sible connected pores. Characterization of these monoliths indi-
cated that a 2-fold increase in the monolith diameter had little
influence on the physical characteristics of the monoliths (see
Table 1, entries 1 and 3, 2 and 4), except the total volume that
was increased by a factor of almost four, as expected. In addi-
tion, the loading of metal particles within monoliths had no
effect on either the nm-scale or µm-scale pore structures (see
Table 1, entries 1 and 2, 3 and 4, also see Supporting Informa-
tion File 1, Figure S1).
Beilstein J. Org. Chem. 2011, 7, 1150–1157.
1152
Table 2: Reactivity of Pd-monolith-3.2 synthesized using different Pd precursors in the Suzuki–Miyaura reaction between bromobenzene and phenyl-
boronic acid under continuous flow conditions.a
Entry Pd precursor MW power Temperature Flow rate Contact time Conversion
(W) (°C) (μL min−1) (min) (%)
1 Pd(OAc)2 8 123 20 10 72
2 Pd(dba)2 8 123 20 10 55
3 Pd(NO3)2 15 123 20 10 28
4 Na2PdCl4 5 123 20 10 97
5 Na2PdCl4 3 99 20 10 70
6 Na2PdCl4 10 116 40 5 66
7 Na2PdCl4 5 109 40 5 45
aAll Pd-monolith catalysts have a Pd-loading of ca. 4.5 wt %. Conversions were determined using GC–MS versus internal standard. The main byprod-
ucts (1–3%) were formed by the debromination of halide reactants.
According to IUPAC [24] the measurements obtained from N2
adsorption and desorption isotherms indicate a type H2
hysteresis, which is consistent with the disordered mesoporous
structure seen in the micrograph shown in Figure 1 (also see
Supporting Information File 1, Figure S2)
Figure 1: SEM image of silica monolith.
Effect of Pd precursor on the activity of the
Pd-monolith catalyst
The Suzuki–Miyaura reaction is a widely used method in
organic synthesis for the selective formation of aryl–aryl
carbon–carbon bonds in the synthesis of high-value fine chemi-
cals and intermediates in the pharmaceutical industry. This reac-
tion requires a metal catalyst, such as palladium, in both homo-
geneous and heterogeneous reactions. In this study, the
Suzuki–Miyaura reaction of bromobenzene with phenylboronic
acid (Scheme 1) was initially used as a model heterogeneously
catalyzed reaction for the evaluation of Pd-monolith activity
under continuous flow conditions with microwave heating.
Scheme 1: Suzuki–Miyaura reaction of bromobenzene with phenyl-
boronic acid.
The silica monoliths were impregnated with a range of Pd
precursors, namely Na2PdCl4, Pd(OAc)2, Pd(dba)2 and
Pd(NO3)2, by a standard method described previously for the
preparation of Pd-monoliths. The Pd-monolith-3.2 catalysts
were evaluated using the previously optimized solvent and basic
reaction conditions [3,4]. The results of this study (Table 2,
entries 1–4) indicate that, whilst all the Pd-monolith catalysts
contain the same amount of palladium (around 4.5 wt %), their
catalytic activity differs significantly even for similar reaction
temperatures and contact times, showing a significant effect of
the palladium precursor on the catalyst activity. The Pd-mono-
lith catalyst that was synthesized from a Na2PdCl4 precursor
showed the best activity and was therefore used as the Pd
precursor for the preparation of a Pd-monolith catalyst to be
employed in further investigations. As expected, reducing the
reaction temperature and decreasing the catalyst contact time
(see Table 2, entries 4–7) resulted in a corresponding reduction
of the product yield.
Comparison of activity between Pd-monolith-
3.2 and Pd-monolith-6.4
The main aim of this work is to develop a methodology to scale
up the rate of product formation without a loss in the intrinsic
reaction performance, by using a continuous-flow, microwave-
assisted, Pd-supported silica-monolith reactor. The Pd-mono-
lith-3.2 and Pd-monolith-6.4 (both with the same length of
3 cm) were used to perform the model reaction (1) to demon-
strate this methodology. The total pore volume accessible to the
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solution, determined by adsorption of water, was 0.20 mL for
Pd-monolith-3.2 and 0.79 mL for Pd-monolith-6.4, which repre-
sents an almost 4-fold volume increase for the larger
Pd-monolith-6.4. The activities of both monoliths for the
Suzuki–Miyaura reaction (Scheme 1) are shown in Figure 2. It
can be seen that Pd-monolith-6.4 produces a very similar
percentage yield of product to that obtained using the Pd-mono-
lith-3.2 under four times the flow rate to keep the same catalyst
contact time. This observation is suggestive of virtually iden-
tical intrinsic properties for both monoliths in terms of flow rate
and reaction conversion.
Figure 2: Reactivity of the Pd-monolith-3.2 and Pd-monolith-6.4 for the
Suzuki–Miyaura reaction between bromobenzene (0.1 M) and phenyl-
boronic acid (0.12 M): The relationship of product yield with contact
time.
It can also be seen (Figure 3) that the rate of product formation
scales up as expected, i.e., the larger catalyst monolith produces
four times as much product compared to the smaller catalyst
monolith under equivalent reaction conditions. However, it is
also evident from the data that whilst shorter catalyst contact
times (corresponding to higher solution flow rates) produce an
increase in the rate of product formation, this increased rate of
product formation is at the expense of reduced reagent conver-
sion.
This methodology was also used to test Suzuki–Miyaura reac-
tions with a variety of substrates, as shown in Table 3. It can be
seen that this scale-up strategy also works very well, with the
amount of product obtained with the Pd-monolith-6.4 being
four times greater than that obtained with the Pd-monolith-3.2,
under these conditions. Most reagents generated an excellent
reaction conversion of the desired coupling product (see
Supporting Information File 1, Figures S3, S4 and S5), even in
the case of chlorobenzene, which is a notably poor substrate
for the Suzuki–Miyaura reaction (entries 6 and 12). The
Figure 3: Reactivity of the Pd-monolith-3.2 and Pd-monolith-6.4 for the
Suzuki–Miyaura reaction between bromobenzene (0.1 M) and phenyl-
boronic acid (0.12 M): The dependence of micromoles of product
obtained on contact time.
Figure 4: TEM image of Pd-monolith catalyst (scale bar: 100 nm).
Suzuki–Miyaura reaction between bromobenzene and
4-bromobenzaldehyde with a higher concentration of reactants,
i.e., 0.3 M, was also performed with the Pd-monolith-6.4 cata-
lyst to evaluate the conversion ability. The reaction conversion
was found to be high, i.e., 87–89 %, under these modified
conditions.
The high catalytic activity of the Pd-monolith catalysts in
Suzuki–Miyaura reactions can be attributed to the following
three factors. First is the high dispersion of small Pd particles
over the substrate surface within the monolith mesopores. The
TEM image (Figure 4) shows that the catalyst sample incorpo-
rates metal particles, distributed over the substrate surface, with
two different sizes: Small crystallites with dimensions of less
than 2 nm (majority), and large crystallites with diameters of
Beilstein J. Org. Chem. 2011, 7, 1150–1157.
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Table 3: Reactivity of Pd-monoliths with different diameters, in the Suzuki–Miyaura reaction between various reactants under continuous-flow condi-
tions.a
Entry Catalyst Flow rate Halide Boronic acid Product Conversion
(μL min−1) (%)
1 Pd-monolith-3.2 40 99
2 Pd-monolith-3.2 20 100
3 Pd-monolith-3.2 30 95
4 Pd-monolith-3.2 20 65
5 Pd-monolith-3.2 20 60
6 Pd-monolith-3.2 20 99
7 Pd-monolith-6.4 160 99
8 Pd-monolith-6.4 80 99
9 Pd-monolith-6.4 120 95
10 Pd-monolith-6.4 80 65
11 Pd-monolith-6.4 80 59
12 Pd-monolith-6.4 80 98
aMW power used was 5–10 W for Pd-monolith-3.2 and 1–2 W for Pd-monolith-6.4 to a maintain reaction temperature of 125–130 °C. The backpres-
sure valve was set up 75 psi for Pd-monolith-3.2 and 45 psi for Pd-monolith-6.4, respectively. The reaction conversion was determined by GC–MS
with an internal standard and the main byproduct (1–3%) was formed by debromination of halide reactants.
around 10 nm. Second is the large surface-to-volume ratio of
the monoliths. The values of the surface-area-to-volume ratio
for the microchannels typically range from 10,000 to 50,000
m2/m3, as a consequence of their decreased size. Based on BET
characterization, the surface-area-to-volume ratio generated
within the Pd-monolith-3.2 reactor was estimated to be 2.5 ×
108 m2/m3, which contributed greatly to the promotion of the
reaction. The final factor relates to the combination of
microwave heating and palladium nanoparticles. Kappe et al.
found that smaller particles are more active in traditional
heating whereas bigger particles perform better in microwave
heating [25]. The monolithic structure used in this work takes
advantage of both these characteristics by having more reactive,
nano-sized, Pd particles located within a strongly microwave-
absorbing, meso-size, silica structure. Because it was difficult to
measure the temperature inside the monolith, the outlet
temperature measured by fiber probe was used, which gave a
difference of at least 20 °C between the outlet temperature and
the temperature of the outer surface of the monolith, as
measured using the installed IR sensor. It was found that reac-
tion conversion was only 40–50% with oil bath heating.
With supported Pd catalysts, leaching of palladium is always an
issue of concern in terms of catalyst performance, cost and
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recovery. Recent papers have shown that leaching from palla-
dium catalysts is in the order of 1 to several tens of ppm
[6,10,19,25] and that recovery of this palladium could be
achieved with a scavenger column [6]. The tendency for
leaching of palladium metal from the Pd-monoliths was
measured through an ICP–OES analysis to determine the Pd
concentration in the washing liquid, which immediately fol-
lowed the first flow reaction experiment. This was achieved by
pumping DMF/H2O (3:1) solvent through the Pd-monolith at
0.1 mL/min for 20 min. For the Na2PdCl4 based monolithic
catalyst, the amount of palladium present in the washing liquid
was found to be as little as 74 ppb (Pd-monolith-3.2), corres-
ponding to a loss of only 0.000011% of the initial amount of
palladium added to the monoliths. The amount of palladium
present in the final reaction sample was found still to be less
than 100 ppb. This finding suggests that there is a highly
specific and strong interaction between the impregnated metal
nanoparticles and the monolith support surface, possibly
through a combination of hydrogen bonding, ionic interactions
and substitution of Cl by silanol groups present on the monolith
surface, resulting in highly stable nanoparticle fixation [26,27].
The presence of a strong specific metal/support interaction is
also supported by observations made during the impregnation
process, where PdCl42− uptake in the silica monolith body was
seen to be fast, with the monolith turning a stable dark brown
color after several hours. In contrast, the Pd(NO3)2 salt gave the
monolith a lighter coloration, much more slowly, and was easily
washed away. The PdCl42− based Pd-monolith catalyst was in
fact used for several runs (i.e., 6 runs representing 15–20 hours)
with no deactivation being observed when the catalyst was
washed with DMF, water or DMF/H2O (3:1) after completion
of each run.
Conclusion
It has been demonstrated that the combination of Pd-functional-
ized silica monolithic reactors with microwave heating results
in a high percentage yield of the desired reaction products for
Suzuki–Miyaura reactions under flow conditions. Yields can be
scaled-up by increasing the diameter of the catalytic monolith
used. The cylindrical catalyst monoliths were of a constant
length, but of variable diameter and were produced to give the
same intrinsic monolith activity and permeability properties,
when operating under the same conditions of temperature and
catalyst contact time. In this way the product formation rate
scales quantitatively with the square of the catalyst monolith
diameter. However, at least one alternative approach can be
envisaged, i.e., changing the monolith length for scaling up
whilst maintaining the required intrinsic properties. It is worth
considering the relative advantages and disadvantages of these
two possible approaches in light of the work presented.
Increasing the diameter of a fixed length monolith, the scale-up
method as used here, offers the advantage that the pressure drop
required to produce a certain flow rate decreases with
increasing diameter. However, as microwave penetration is
necessary to obtain reliable heating characteristics, there will
come a point at which the monolith diameter will become larger
than the penetration depth of the microwaves (estimated to be 4
cm), which will lead to an unheated, cold “core”. In addition for
disc-shaped monoliths, where diameters are larger than the
length, there will also come a point where the mechanical
strength of the monolith will be a limitation with respect to the
pressure drop required for flow. On the other hand, increasing
the length of a fixed diameter monolith in order to achieve this
scale-up offers the advantage that uniform microwave penetra-
tion/heating can be maintained. In addition, the catalyst contact
time could be extended by increasing the length. The disadvan-
tage, however, to this approach is related to the pressure drop
required to produce the required flow rate, which will increase
proportionally with the length. Hence, the mechanical strength
of the monolith structure, i.e., the strength to resist collapse of
the pores and/or the monolith casing material, ultimately limits
the maximum length achievable.
Experimental
Materials
The reagents and solvents bromobenzene (99%), 4-bromoben-
zonitrile (99%), 4-bromobenzaldehyde (99%), 3-bromopyri-
dine (99%), chlorobenzene (99%), phenylboronic acid (97%),
4-carboxyphenylboronic acid (97%), poly(ethylene oxide)
(PEO) with average relative molar mass of 100 kDa,
tetraethoxysilane (TEOS), N,N-dimethylformamide (99%,
DMF), dichloromethane (99%, DCM), ammonium hydroxide (5
N) and nitric acid aqueous solutions (1 N) were purchased from
Aldrich. All reagents were used as obtained, without further
purification. Heat shrinkable Teflon® tubes (wall thickness 0.1
and 0.3 mm before and after shrinkage) with a shrinkage ratio
of 2:1 were purchased from Adtech Polymer Engineering Ltd.
(UK).
Synthesis of silica monolith supports
Silica based monoliths were prepared using a sol–gel process
described in the literature [24]. The desired amount of PEO was
added to an aqueous solution of nitric acid and the resultant
mixture was cooled in an ice bath and stirred until a homoge-
neous solution formed. TEOS was then added to the reaction
mixture, which was stirred vigorously in the ice bath for 30 min
to form a transparent solution. Subsequently, the solution was
poured into a plastic mould (diameter 4.8 mm and length 6 cm
for monolith-3.2; and diameter 8.2 mm and length 5 cm for
monolith-6.4). Both ends of the plastic mould were then closed
and the sealed tube was incubated in an oven at 40 °C for 3
days, during which time a wet, semi-solid, gel monolith was
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formed. Approximately 20% shrinkage occurred during this gel
formation, which allowed easy removal of the wet gel mono-
liths from the plastic tube moulds. The wet gel monoliths were
washed with copious amounts of water to remove any residues
and then transferred to a 10 times larger volume of 0.5 M
NH4OH aqueous solution in an autoclave, where it was incu-
bated at 80 °C for 24 h. The monoliths were again washed with
copious amounts of water before drying in an oven at 90 °C for
24 h. Finally, the monoliths were calcined at 550 °C for 3 h
(heating rate: 2 °C/min) in an air flow to remove the remaining
PEO and form white silica-monolith rods (diameters 3.2
and 6.4 mm respectively) that were then cut to 3 cm long mono-
liths.
Preparation of Pd-supported silica-monolith
catalyst (Pd-monolith)
An aqueous solution of 200 μL containing 0.017 g Na2PdCl4
(theoretical Pd loading 5.0 wt %) was adsorbed onto the mono-
liths, dried at 90 °C and calcined at 550 °C for 3 h (temperature
ramp: 2 °C min−1) under a flow of air, followed by reduction in
a H2 (10%)/N2 stream at 340 °C for 3 h (heating rate: 2 °C) to
produce a black Pd-monolith rod with Pd loading of approxi-
mately 4.5 wt % as determined by ICP–OES (Perkin Elmer
Optima 5300DV). The Pd-monolith rod obtained was then clad
in a heat-shrinkable Teflon® tube with a glass connector at each
end. The assembly was heated in a furnace up to 330 °C until
the monolith was sealed within the Teflon® tube to form a flow
Pd-monolith reactor system.
Sample characterization
Scanning electron microscopy (SEM) images were obtained by
means of a Cambridge S360 scanning electron microscope
operated at 20 kV. Each sample was sputter coated with a thin
layer of gold–platinum (thickness approximately 2 nm) by a
SEMPREP 2 Sputter Coater (Nanotech Ltd.). Transmission
electron microscopy (TEM) was carried out on a JEOL-2010
operating at 200 kV. The BET surface area and nm-scale pore-
size distribution were obtained by measuring N2 adsorption and
desorption isotherms at 77 K by means of a Micromeritics
Surface Area and Porosity Analyzer. The pore volume and pore
size distributions of the nm-scale pores within the monoliths
were evaluated from the isotherms within the BJH (Barrett-
Joyner-Halenda) model. The palladium content in the mono-
liths and washing liquid was determined by ICP–OES.
Determination of the µm-scale porosity φt (which determines
the monolith permeability) was determined from the equation
(WM − WT)/dlr2π, where WT and WM were the weights of the
dry and water filled monolith respectively, d was the density of
water, l and r were the overall length and radius of the cylin-
drical monolith. The µm-scale pore size was determined from
SEM measurements.
Activity measurements
The experimental setup is shown schematically in Supporting
Information File 1, Figure S6. The 30 mm long Pd-monolith
reactor with a diameter of either 3.2 mm (Pd-monolith-3.2) or
6.4 mm (Pd-monolith-6.4) was positioned in the cavity of a
Discover microwave system (CEM Ltd.) with the capability of
delivering 0–300 W of microwave power at 2.45 GHz with
mono-mode operation. The microwave cavity was fitted with an
infrared sensor to monitor the temperature of the external
surface of the monolith catalyst. A reactant solution containing
an aryl halide (0.1 M), arylboronic acid (0.12 M), K2CO3 (0.3
M) in DMF/H2O (3:1) solvent was pumped through the reactor
with an HPLC pump, and a backpressure valve (45–75 psi) was
used to minimize the formation of gas bubbles (see Supporting
Information File 1, Figure S6). The residence times of the reac-
tants within the catalytic monoliths were determined based on
the known monolith and pore volume and from the different
flow rates. Product samples were collected at defined flow
periods during a reaction run, weighed and a known amount of
dodecane was added to the individual samples as an internal
standard. Samples were treated with 1 M aqueous NaOH to
remove unreacted arylboronic acid and extracted with DCM.
The remaining organic material was then washed three times
with distilled water, collected and dried over MgSO4. Indi-
vidual samples were analyzed using GC–MS (Varian 2000) as
described in literature [3,4].
Supporting Information
The Supporting Information File contains six parts, Figure
S1: SEM image of Pd-monolith; Figure S2: BET
characterization; Figure S3: GC–MS chromatogram for
Suzuki–Miyaura reaction of bromobenzene and
phenylboronic acid; Figure S4: GC–MS chromatogram for
Suzuki–Miyaura reaction of 4-bromobenzaldehyde and
phenylboronic acid; Figure S5: GC–MS chromatogram for
Suzuki–Miyaura reaction of 4-bromobenzonitrile and
phenylboronic acid; Figure S6: Schematic diagram of the
setup for continuous-flow, microwave-assisted
Suzuki–Miyaura reactions.
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